Abstract. The purpose of this work was to determine a viscositytemperature relationship for SAE 10W-60 engine oil. The rheological properties of this engine oil, for a temperature range of 20÷60 C, were obtained with RheolabQC rotational rheometer. For the first reference temperature of 40 C, the experimental result was obtained with a relative error of 1.29%. The temperature-dependent viscosity was modelled, comparatively, with the Arrhenius and the 3 rd degree polynomial models. Comparing the graphs of the fits with prediction bounds for 95% confidence level, as well as the goodness-of-fit statistics, the preliminary conclusion was that the 3 rd degree polynomial could be the best fit model. However, the fit model should be used also for extrapolation, for the second reference temperature of 100 C. This new approach changes the fit models order, the Arrhenius equation becoming the best fit model, because of the completely failed to predict the extrapolated value with the polynomial model.
Introduction
The liquids viscosity is very sensitive to the temperature, especially for different kind of engine oils. Generally, for any fluid viscosity analysis, the corresponding temperature should be mentioned. There are many temperature-dependent viscosity models, many of these for a specific class of liquids; one of the most well-known being the Arrhenius equation. For a certain liquid, it is recommended to obtain by experiment the viscosity at different temperatures and then, to find the values of the parameters from the Arrhenius equation which fits the experimental data. This methodology was used in many researches, for analysis of different liquids: biodiesel fuels [1] , vegetable oils [2] , vegetable oil-diesel fuels blends [3] , and pollock oil [4] . Different other temperature-dependent viscosity models were also used, for example 3 rd degree polynomial models for blends of soybean oil, soy biodiesel and petroleum diesel oil [5] , Vogel equation, 6 th degree polynomial and Gaussian equation for 10W-40 engine oil [6] , 3 rd and 4 th degree polynomial for 0W-40, 5W-40, 10W-40, 15W-40 and 20W-40 engine oils [7] .
One of the most important measurement method of rheological properties of fluids is the rotational method which consists, in principal, in two parts: one volume calibrated cup which will be filled with a precise volume of sample fluid and a measuring bob having a certain geometry. The Searle rotational method assume stationary calibrated cup and rotational bob. On the contrary, the Couette rotational method assume rotational cup and stationary measuring bob, [8] . For the Searle rotational method, the measuring bob will be driven with a controlled rotational speed [rpm] , as consequence the shear rate [1/s] will be known. The measured parameter is the shaft torque [Nm] , as consequence the shear stress [Pa] will be known, and finally the dynamic viscosity [Pas] will be compute with the formula ⁄ . This is the so called controlled shear test, CSR. There is also another type of Searle rotational method, known as the controlled shear stress test, CSS, which consists in setting the torque/shear stress, measuring the rotational speed/shear rate, and finally obtaining the dynamic viscosity, [9] . Depending on the geometry, the rotational rheometers may be: concentric cylinder measuring system (CC MS); double-gap measuring system (DG MS); combined cylinder and cone-and-plate measuring system (Mooney/Ewart measuring system, ME MS); cone-and-plate measuring system (CP MS) and parallel-plate measuring system (PP MS), [9] .
In this study, the RheolabQC rotational rheometer with concentric cylinder (CC MS) [10] will be used for performing a CSR test in order to evaluate the rheological properties of the Castrol EDGE SAE 10W-60 engine oil for a temperature range of 20÷60C. The experimental data will be validated considering the viscosity presented in the Castrol EDGE SAE 10W-60 data sheet for the first reference temperature of 40C, [11] . Two temperaturedependent viscosity models will be used: the Arrhenius model, and the 3 rd degree polynomial. In order to obtain the best fit model a comparatively analysis will be performed from the point of view of the graphs of the fits with prediction bounds for 95% confidence level, as well as of the goodness-of-fit statistics. However, the final decision will depend also on the viscosity obtained by extrapolation for the second reference temperature of 100C.
Rheometer description
RheolabQC is a rotational rheometer composed by the main components: 1-basic unit, 2-coupling for connecting measuring systems, 3-temperature control unit, 4-measuring systems, and 5-computer with Rheoplus software, Figure 1 . The basic unit contain the rheometer principal components: mechanics, electronics and control systems and can be directly operated using a keypad and a LCD display from the front view of the basic unit, Figure 2 , a). On the rear view of the basic unit there are different connectors: power supply, RS232 for PC or printer, Ethernet, PS2 for keyboard, Pt100 temperature sensor, Figure 2 , b). The coupling for connecting the measuring systems is presented in Fig. 2, c) . The coupling includes also an automatic component recognition and configuration system, named Toolmaster, for taking into considerations and transferring to the Rheoplus software all the relevant information about the connected measuring system. The relevant data is stored in a transponder chip in each measuring system. The air countercooling Peltier temperature control unit is presented in Figure 2 , d). The temperature can be adjusted in the range of 0÷180˚C. Three measuring systems can be used, Figure 
Setting up the experiment
For this experiment, the CC27 concentric cylinder measuring system has been selected. The sample volume for this measuring system is 19 ml, thus the measuring system has been filled with this volume of SAE 10W-60 oil. Then, the sample container was push up through the Peltier temperature control unit and locked up with the locking screw, meanwhile the measuring system was connected with the RheolabQC coupling system. The experiment was controlled using the Rheoplus software with a CSR flow curve default workbook. The measuring system (CC27-SN38994) has been detected using the Toolmaster automatic component recognition and configuration system. The principal characteristics of CC27-SN38994 measuring system are: maximum shear rate 1935.96 s -1 and maximum shear stress 952.311 Pa. For the first experiment, the setup temperature is 20C.
The measuring profile is defined by the linear ramp shear rate range =1÷100 s -1 , with 50 measuring points and a linear variable measuring point duration starting from 5 seconds and ending to 10 seconds, thus the total experiment interval being 375 seconds. Before starting the first test, a temperature control process was defined with the setup temperature of 20C and the temperature tolerance of ±0.1C, with 2-minute checking time and 5-minute timeout.
Experimental results
The first experiment has been carried out at the temperature of 20C. The experimental data is presented in Figure 3, a) for the flow curve and Figure 3, b) for the viscosity curve. The flow curve suggests the newtonian character of the sample. In order to aproximate the experimental viscosity curve, the Newton model function (linear regression method) has been used, which represent the recommended method for idealviscous flow behavior. The experimental data and the Newton regression line are presented in Figure 3 In order to validate the experimental data obtained with RheolabQC rheometer and presented Figure 4 , the information provided in the SAE 10W-60 product data sheet has been considered, [11] . According to this data sheet, at 40C the kinematic viscosity is 160 mm 2 /s. At the same temperature, considering the density 0.838 g/cm 3 from [8] and the dynamic viscosity 135.81 mPas from Figure 4 , the kinematic viscosity will be 162.06 mm 2 /s, for which the relative error respect to the product data sheet value is only 1.29 %.
Discussion
In order to obtain a temperature-dependent viscosity relationship, the Arrhenius model has been used comparatively with the 3 rd degree polynomial model. The equations, the coefficients and the goodness-of-fit statistics (the sum of squares due to error-SSE, R-square, Adjusted R-square, the root mean squared error-RMSE) are presented in Table 1 . The graphs of the fits with prediction bounds for 95% confidence level are presented in Figure 5 (Arrhenius model), and Figure 6 (polynomial model). From Table 1 , it is obvious that the polynomial model leads to better goodness-of-fit statistics for all parameters; thus it would seem that the polynomial model would be the answer. Moreover, for the experimental temperature range 20÷60C, there are not significant discrepancies related to the shape of the fit curves, including the prediction bounds. Outside of the experimental temperature range, however, is something else; the polynomial curve change dramatically his shape, together with the prediction bounds which are strongly diverging. The estimated viscosity for the second reference temperature is -302.2 mPas; the polynomial model completely failed to predict this value (which is 18.17 mPas, [11]). On the other side, for the Arhenius model, a very good behaviour can be observed outside of the temperature range, the prediction bounds are quite uniform, and the estimated viscosity for 100C is 13.85±4.55 mPas, with confidence level of 95%, which is a very good result, considering the large temperature range 60÷100C without experimental data.
Conclusions
RheolabQC rotational rheometer can be successfully used for temperature-dependent viscosity experimental analysis. The fluid viscosity is extremely sensitive at the temperature; thus, a high-performance temperature control unit (like the Peltier unit C-LTD180/QC) is mandatory for rheological experiments. The rheological test performed on the Castrol EDGE SAE 10W-60 engine oil shows a good agreement with the product data, with a relative error of 1.29% at the first reference temperature of 40C.
Comparing multiple fit models should be done not only by comparing the goodness-offit statistics; in fact, for this analysis all these coefficients indicate that the polynomial model should be preferred. However, considering the ability of the model to estimate outside of the experimental temperature range, it has been proven that this first conclusion was wrong; the Arrhenius model being capable to estimate the product data sheet viscosity value of 18.17 mPas with the interval 13.85±4.55 mPas, with confidence level of 95%, while the polynomial model with the estimated value of -302.2 mPas represents a total failure. Improving the accuracy of the fit model can be done by increasing the number of experimental data points, inside the initial temperature range 20÷60, but also, if it is possible, for higher temperatures.
